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Abstract—The extreme traffic load that future wireless net-
works are expected to accommodate requires a re-thinking of
the system design. Initial estimations indicate that, different from
the evolutionary path of previous cellular generations that was
based on spectral efficiency improvements, the most substantial
amount of future system performance gains will be obtained
by means of network infrastructure densification. By increasing
the density of operator-deployed infrastructure elements, along
with incorporation of user-deployed access nodes and mobile
user devices acting as “infrastructure prosumers”, it is expected
that having one or more access nodes exclusively dedicated
to each user will become feasible, introducing the ultra dense
network (UDN) paradigm. Although it is clear that UDNs are
able to take advantage of the significant benefits provided by
proximal transmissions and increased spatial reuse of system
resources, at the same time, large node density and irregular
deployment introduce new challenges, mainly due to the inter-
ference environment characteristics that are vastly different from
previous cellular deployments. This article attempts to provide
insights on fundamental issues related to UDN deployment, such
as determining the infrastructure density required to support
given traffic load requirements and the benefits of network-
wise coordination, demonstrating the potential of UDNs for 5G
wireless networks.
I. INTRODUCTION
“From the smallest personal items to the largest continents,
everything, everywhere will be digitally connected, and re-
sponsive to our wants and likes”, is a typical vision for the
future of communication networks as stated in The World in
2025: 10 Predictions of Innovation”, (Thomson Reuters). In
particular, wireless communications are expected to dominate
everything, everywhere, mainly empowered by revolutionary
5th generation (5G) technologies: user-centric, cell-less ar-
chitectures, massive spatial processing, tactile response times
and big data processing, to name a few. Towards this end,
the quest for 5G has already begun [1], [2]: international
industry-academia consortia (METIS2020, IWPC, 5G Korea),
public-private partnership associations (5G-PPP), regulatory
authorities (ITU-R WP5D) and operators fora (NGMN), have
recently focused their attention on setting the requirements,
conceptualizing, and exploring the enabling technologies for
5G [3].
Wireless evolution has come a long way over the last
30 years, shifting the focus of innovation from components
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Fig. 1. An ultra-dense network infrastructure composed by operator- and
user-deployed heterogeneous serving access nodes, multiple types of user and
machine served nodes, and disruptive devices acting as prosumers. For a given
area the number of serving and user nodes are of the same order.
and transceiver technologies (e.g., turbo coding, MIMO) to
resource allocation and network management (e.g., CDMA,
OFDMA, CoMP) and, finally, to user-centric and device-
driven communications towards realizing the concept of “in-
ternet of everything”. Accelerated by the dramatic impact of
applications of the kinds of social networking, the center of
gravity for 5G will be shifted further to application-driven
connectivity (transparently deployed over technologies, infras-
tructures, users and devices), which will be mainly enabled
by means of dense access/serving node deployments and
exploitation of proximal communications, concepts that are
typically referred to as network densification [4]. In contrast
to previous cellular evolution steps, which were mainly driven
by increasing system bandwidth and improving (multi-user)
spectral efficiency, network densification is expected to be
the cornerstone of future wireless networks. Even though
network densification was also considered in past cellular
generations, it was used only as an “add-on” measure for
locally coping with heavily loaded parts of the system and
not as a fundamental, large-scale design/system concept.
Towards realizing the ambitious goals set for 5G, the density
of access/serving nodes is expected to increase up to the point
where it is comparable to or even surpass the (also increasing)
density of user equipments (UEs) [5], thus introducing the
ultra-dense network (UDN) paradigm. Realization of such a
disruptive network topology, with respect to the evolution path
of previous cellular generations, will be achieved by utilizing,
in addition to densified traditional access nodes (ANs) such
as small cells, user deployed ANs (e.g., WiFi, femtocells), as
well as “infrastructure prosumer” UEs, i.e., (mobile) devices
with computational and storage capabilities allowing them to
act as infrastructure ANs (see also Figure 1).
Clearly, a successful UDN deployment is not an easy task
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2due to the challenging interference landscape introduced by
the dense and, to a large extent, irregular AN deployment
with transmissions under a universal frequency reuse scheme.
In this sense, UDNs can be viewed as the new wireless
frontier that can be made a reality only through re-thinking
of current cellular practices in terms of: i) underlying tech-
nology enablers, namely, air-interface, including optimized
frame structures and associated overhead signaling, resources
management, and backhaul design [5]; and ii) implementa-
tion implications, such as business modeling, cost/complexity,
backward compatibility, and market uptake issues. As typical
in any engineering application, in order to successfully and
efficiently address these issues, a clear understanding of UDN
fundamental performance limits, obtained using appropriate
mathematical models, is of utmost importance. Towards this
end, two relevant broad research challenges can be identified
that are not adequately addressed to date by the research
community:
1) How should AN density scale in order to accommodate
increasing traffic load requirements due to increasing UE
density and/or increasing UE rate requests?
2) Is densification alone sufficient to accommodate future
network requirements? In that respect, does network-
wise coordination offer significant performance gains
that would justify its incorporation in UDNs?
By shedding some light on the above aspects, this article aims
at revealing some of the critical deployment design factors for
UDNs and attempt a qualitative and quantitative assessment
of their potential.
The rest of the article is structured as follows. In the next
section we present a brief overview of the latest and ongoing
work on the topic. Then, after positioning UDNs in 5G
network evolution, we introduce the two aforementioned UDN
research challenges. In the next two sections we investigate the
two challenges, by providing the necessary background, lat-
est contributions and indicative UDN performance evaluation
results. In the last section we conclude the article and state
potential future research directions.
II. RECENT WORK ON ULTRA-DENSE NETWORKS
The concept of adding smaller footprint cells within macro-
cell deployments as a means of offloading traffic in hotspot
localized areas, known as Heterogeneous Networks (HetNets),
has set the scene for the UDN paradigm. In [6], a view of ultra
dense HetNets, towards realizing the so-called 1000× capacity
challenge, was presented. It was shown through theoretical
analysis and system-level simulations that such a challenging
target could be achieved by combining network densification,
spectrum increase, and advanced radio access technologies
and concepts (such as Massive MIMO, CoMP, D2D), with
densification contributing the most to this increase.
In [7], spectral and energy efficiency aspects of UDNs
considering different deployment strategies where investigated,
involving heterogeneous access node types, namely, conven-
tional macro-cells, indoor femto-cells, and outdoor distributed
antenna systems (DASs). A scheme where dynamic outdoor
DASs are utilized for providing outdoor capacity on demand,
with femto-cells dedicated for serving indoor and, opportunis-
tically, outdoor traffic, was proposed.
Another research direction involves the operation of UDNs
in mm-Wave bands, due to the availability of vast amount of
frequency resources compared to traditional bands, allowing to
realize 5G use cases, such as amazingly fast multi-Gbps speeds
[3]. In [8], this new system concept was introduced, and the
key design challenges were presented. In particular, potential
OFDM-based physical layer structures were proposed for re-
alizing UDN mm-Wave PHY, the importance of beamforming
was highlighted, and self-backhauling along with spectrum
sharing were proposed as major technology enablers.
The importance of the UDN paradigm for future networks
has also already been recognized by the industry, as evidenced
by the activities of two major standardization bodies, 3GPP
and IEEE 802.11 working group. In 3GPP, Releases 12 and
onwards promise “taking the use of small cells and network
densification to a whole new level” [9] by capitalizing on
the gains of ultra-dense networks, whereas in the WLAN
community, a recent project called 802.11ax (formerly known
as High-Efficiency Wi-Fi or simply “HEW”) aims at delivering
a new standard that promises significant enhancements at
highly dense deployment scenarios.
With respect to recent R&D activities, METIS2020, which
constitutes the European pre-5G flagship initiative, considers
UDN a major topic for facilitating the future 5G system
concept [3]. Early system evaluation results point out that
heavy infrastructure densification (up to the point that a single
access node serves at most three user devices) is a prerequisite
for sustaining 1000 times greater mobile data volumes than of
today, a key requirement for 5G wireless access.
III. ULTRA DENSE NETWORKS: OBJECTIVES, PROGRESS,
ANALYSIS AND DESIGN METHODOLOGIES
A. Fundamental Challenges of Ultra Network Densification
Cellular infrastructure densification is a concept that has
been applied as early as in 2G voice-oriented systems, mainly
as a tool for locally enhancing performance of an already
deployed system. In particular, cell splitting and sectorization,
supported by careful frequency planning were employed in
order to increase sustained voice capacity in areas of the net-
work experiencing heavy traffic. Regarding future networks,
(ultra) network densification has a fundamentally different
and more important role. In particular, network densification
offers the advantage of proximal communications, which, in
turn, provide the means towards fulfilling the following critical
communication principles:
• Extreme, user-centric, spatial reuse of system bandwidth,
by partitioning the space to (arbitrarily) small cells, up to
the point where the traditional notion of cell is no longer
relevant and each UE is served in principle by one (or
more) AN(s) exclusively dedicated to that UE;
• Improvement of propagation conditions, by bringing the
access infrastructure closer to the user.
It is clear that the proximal communications advantage
offered by UDNs translates to an improvement in the received
useful signal power from the serving AN(s). However, for the
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Fig. 2. Irregular AN deployment in UDNs within an area previously
corresponding to a single cell of a conventional cellular network. Triangles
correspond to ANs and circles to UEs, with (possible) AN-UE associations
depicted by dotted lines. Note that the UDN offers the flexibility of having
more than one ANs exclusively serving a single UE (UEs labeled “1”) or
a UE associated with an AN that is not its closest but having to serve less
traffic (UE labeled “2”).
same reasons, the signal power from interfering transmissions
is also increased. It is therefore necessary to understand how
the combination of these two effects affects system perfor-
mance. What makes this task non-trivial compared to similar
studies performed for legacy cellular deployments are the
unique characteristics of UDNs, namely, irregular deployment
and elimination of the conventional notion of cell.
The irregular deployment of ANs is due to practical limita-
tions of infrastructure deployment, opportunistic introduction
of low-cost ANs, and exploitation of user (mobile) devices
as content providers. This results in a completely different
interference environment than the one experienced in previous
cellular generations, e.g., where interferers may be positioned
arbitrarily close to a receiver. In addition, the UDN topology
offers new possibilities on how a UE may be served by the
network, going beyond the conventional, cell-based scheme.
In a UDN deployment, many ANs may be tagged as potential
(exclusive) servers to a particular UE, resulting in new AN-UE
association patterns, e.g., a UE may choose not to connect to
the nearest AN when the latter is heavily loaded (see Figure 2).
These special attributes of UDNs open new research questions,
which can be broadly divided into two frameworks:
• analytical system modeling/characterization, and
• algorithmic radio resource management.
B. UDN Analysis
Towards understanding the impact of densification under
irregular (random) AN placement, the seminal work of [10]
leveraged stochastic geometry for analyzing the downlink SIR
distribution experienced in an infinite area network with AN
positions modeled as a realization of a homogeneous Poisson
point process (HPPP), uniquely characterized by its density.
The authors showed that in an ever-densified interference-
limited network, where UEs associate with their closest AN
and no coordination among transmissions is applied, interfer-
ence and useful signal power increase at the same rate, hence
the achieved signal-to-interference (SIR) levels are preserved.
It can therefore be concluded that, from a system perspective,
network densification indeed enables extreme spatial reuse of
system bandwidth, with an increase of AN density directly
translated into an increase of total system capacity.
However, the system perspective of [10] as well as of
relevant works that followed [11], ignored the impact of
multiple-access/resources allocation on user rate; the latter
is of great importance towards characterizing the perceived
rate performance levels on a user-centric future network de-
ployment. In this respect, new tractable analytical modeling
approaches focusing on user-centric performance metrics and
covering various density regions are necessary for thoroughly
characterizing the impact of densification. A relevant study
and its application to several envisioned UDN setups will be
presented in Section IV.
C. UDN Resources Management Optimization
Although analytical assessment approaches are able to
provide insights on the fundamentals of UDNs opera-
tion, their tractability heavily depends on the adoption of
(over)simplifying assumptions and abstractions. Therefore,
detailed system-level simulation models are necessary in order
to capture the effect of, e.g., realistic traffic models and propa-
gation conditions, and investigate the potential of sophisticated
radio resource management algorithmic approaches.
In this context, a second line of works has recently emerged
in the literature, towards estimating the densification require-
ments for a set of potential 5G traffic load and QoS targets
[6], [12], [13]. The common conclusion is that the ambitious
set of 5G capacity objectives requires one to two orders of
magnitude greater infrastructure density than today, i.e., vali-
date the necessity of UDNs. An extension of such studies is to
consider performance optimization aspects, achieved through
intelligent, network-wise coordination mechanisms. For exam-
ple, [14] considered a system framework for optimizing the
spectrum and energy efficiency in multi-layer heterogeneous
networks through employing joint interference management,
mobile association and cooperative dynamic resource alloca-
tion. However, in this paper ultra-dense deployments of low-
power nodes were not considered.
Investigation of coordination is of great importance as it has
the potential to control interference and exploit the proximity
of a UE to many ANs, a system attribute inherent in UDNs and
not present in previous wireless generations. However, it is not
clear whether incorporation of sophisticated coordination on
top of a UDN is indeed necessary since it may be argued that
the proximity gains offered by the dense deployment alone
are sufficient. In Section V, a relevant network optimization
framework will be discussed and applied in the UDN context
identifying the benefits of coordination in terms of UE rate
and infrastructure densification levels.
IV. DENSIFICATION REQUIREMENTS AND SCALING LAWS
FOR UDNS
Understanding if and how the user-centric requirements of
the future network can be provided by infrastructure densifi-
cation is clearly of critical importance. Towards this end, a
4mathematical system model is required that incorporates and
provides design insights on the following parameters:
• infrastructure densification level, reflected by the density
of ANs, λAN (in number of ANs per unit area),
• network load, reflected by the density of UEs, λUE (in
number of UEs per unit area),
• per-user rate (in bps/Hz).
These parameters were jointly considered in [15] where the
downlink UE rate distribution was examined for a randomly
deployed, interference limited wireless network as the one
considered in [10], taking into account the effect of resource
sharing using an OFDMA-like multiple-access scheme and
assuming an SIR threshold θ0 below which no service can
be provided (e.g., due to synchronization requirements). Each
single-antenna UE is served by its closest single-antenna AN,
assumed to have full buffers, with ANs transmitting with a
fixed power over active subchannels without any coordination
among them.
Under typical assumptions employed in stochastic
geometry-based works, namely, UEs and ANs distributed
as independent HPPPs, log-distance path-loss model with
exponent α, Rayleigh fading, and conditioning on the
existence of a (typical) UE with arbitrary position, a closed
form expression for the typical UE rate distribution can be
obtained as a function of λAN, λUE, θ0, α, and the number
of OFDMA subchannels [15]. Interestingly, dependence on
the AN and UE densities is only in terms of their ratio,
which we define as the densification ratio τ = λAN/λUE.
Densification ratio can be conveniently utilized as a metric
for differentiating between traditional, sparse infrastructure
deployments corresponding to small τ (typically, τ  1), and
(future) ultra-dense deployments for which may even exceed
unity.
The rate distribution expression allows for efficient opti-
mization of system design parameters such as densification
ratio and number of subchannels. As an example case of
particular interest in the deployment of UDNs, Figure 3
illustrates the minimum τ required to provide the typical UE a
target median rate r0. It can be shown [15] that the minimum
densification ratio scales linearly with r0, when r0 → 0,
whereas it scales exponentially with r0 when r0 →∞. These
asymptotics are also depicted in Figure 3 where it can be
seen that they are quite accurate even for moderately large and
small values of r0. This behavior of τ has a significant impact
on future network design as it may imply unrealistically high
densification ratios when (excessively) large UE rate levels
are required. Therefore, a practical limit on the benefits of
(ultra) densification does exist in this respect, which can only
be overcome by other means such as spectrum increase and
multiple-antenna transmission techniques.
Another important issue for UDNs is how the network
capacity increase offered by infrastructure densification, i.e.,
increase of λAN, should be exploited. As described above, with
a fixed λUE, increasing λAN and, therefore τ , can be translated
into an increase in achieved rate (in a statistical sense). This
constitutes one approach of exploiting densification that is
relevant, e.g., for supporting new applications/services with
high rate requirements. The other approach is to consider a
10−2 10−1 100 101
10−2
10−1
100
101
102
median rate r0 (bps/Hz)
densification ratio τ
linear asymptotic (∼ O(r0))
exponential asymptotic (∼ O(2r0))
Fig. 3. Minimum required densification ratio as a function of target UE
median rate (α = 4, θ0 = −6 dB).
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Fig. 4. Exploiting AN densification in terms of increasing UE density and/or
per UE median rate (initial network state: λAN = λUE/20, final network state:
λ′AN = 100λAN).
fixed UE rate requirement and increase λUE proportionally to
λAN so as to keep τ equal to its minimum value required
to support the particular rate level. This approach results
in a system capable of serving (much) more UEs without
per-UE performance degradation, which is relevant for, e.g.,
supporting machine-to-machine communications, where many
low-rate devices are introduced to the system.
Clearly, there are scenarios in-between these two extremes
and Figure 4 considers these in an example case where, starting
from a baseline, sparse cellular scenario with λAN = 5 serving
a network load λUE = 100, the density of ANs is increased to
a new value λAN′ = 100λAN. The various possible exploitation
scenarios of the new infrastructure density correspond to
different values of (feasible) pairs
(
λUE
′/λUE, r0′/r0), where
λUE
′, r0′ are the UE density and per-UE median rate sup-
ported by the densified network, respectively. As expected,
there exists a tradeoff between increasing λUE and r0. One
criterion (others could be employed as well) for choosing the
operational pair is the area capacity of the densified network,
given by λAN′ · r0′, which, for the case considered in Figure
54, slightly favors higher λUE′ and smaller r0′.
V. COORDINATION BENEFITS FOR UDNS
The analysis in Section IV provides performance insights
for a baseline UDN that operates in an uncoordinated fash-
ion: each AN eliminates intra-cell interference by employing
an OFDMA-like scheme to serve its UEs, with no action
taken with regards to the generated inter-cell interference.
Clearly, incorporation of network-wise resource management
mechanisms that coordinate AN transmissions/interference is
a natural step towards enhancing overall system performance.
However, it is not clear whether, under the basic sys-
tem model assumptions of the previous section, coordination
within the UDN context can indeed provide (significant) ben-
efits as it may be argued that the proximity gains exploited by
the baseline UDN alone are sufficient. Note that this statement
is true at least asymptotically, i.e., for τ →∞ , since the SIR
becomes arbitrarily large. Coordination in an UDN involves:
• association of each UE with a (not necessarily closest)
serving AN, taking into account channel and traffic load
conditions,
• tuning of power and/or multiple-antenna precoder for
each AN-UE communication pair, utilizing the available
degrees of freedom towards focusing ANs signals to in-
tended UEs while reducing interference to/from neighbor
UEs,
• allocation of AN-UE pairs into orthogonal time-
frequency resource blocks, aiming at reducing the inter-
ference among near-by users served by different ANs.
Although (optimized) network coordination is a promising
technology for future UDNs, it entails two major challenges.
First, the relevant coordination problems are typically highly
complex large-scale optimization problems, for which finding
the optimal decision with reasonable complexity becomes
quite challenging. This is due to i) the vast degrees of
freedom and allocation opportunities available due to increased
network density, and ii) combination of both continuous and
discrete optimization variables, e.g., power levels and AN-UE
associations. Secondly, from an implementation perspective,
network-wise coordination requires a centralized entity having
access to instantaneous network channel state information.
This imposes significant challenges on overhead signaling
bandwidth and reporting latency requirements, which are also
difficult to model and analyze. However, performance of
coordination even under ideal assumptions on e.g., channel
state information or complexity, is certainly of interest as
small performance gains in this case will imply marginal gains
or even performance loss when practical limitations are also
considered.
Initial results on coordination benefits for UDNs may be
found in [16], where a comprehensive optimization framework
was introduced and explored under perfect channel state
information and various backhaul limitation scenarios. In this
paper we explore the impact of coordination on UDNs, by
comparing the performance of two indicative, suboptimal/low-
complexity coordination policies with the baseline approach of
the previous section. In particular, the following policies are
introduced [17]:
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TABLE I
DENSIFICATION SAVINGS PROVIDED BY COORDINATED POLICIES
COMPARED TO BASELINE
Guaranteed UE Rate
(bps/Hz)
% Savings in Densification Ratio
Policy I Policy II
0.1 60 % 86 %
0.5 45 % 82 %
1 41 % 81 %
1) “Policy I”, which associates each UE to his/her nearest
AN, performs constant power loading, and dynamically
(based on instantaneous channel conditions) manages
interference levels, by intelligently allocating the highest
interfering AN-UE pairs to orthogonal frequencies,
2) “Policy II”, which builds on Policy I, and, as additional
performance-enhancement step, applies dynamic power
loading over the AN-UE pairs.
Figure 5 illustrates the minimum guaranteed user rate as a
function of τ , provided by the baseline as well as the coordi-
nated policies for a finite-area network with a variable number
of randomly positioned ANs and 50 randomly positioned UEs.
Results are obtained by averaging over multiple independent
realizations of the system. As observed, both coordination
algorithms provide significant performance gains as compared
to the uncoordinated network operation, for all densification
levels. Interestingly, for values of as high as 20, benefits
of coordination are clearly visible, suggesting that proximity
alone is not sufficient for practical values of AN densities.
Alternatively, the coordinated policies may be viewed as a
means of reducing the densification requirements for achiev-
ing certain performance levels. Indeed, Table I presents the
savings provided by the two coordination policies in required
densification ratio with respect to the baseline case, for three
indicative guaranteed UE rate levels, that is 0.1, 0.5 and 1
bps/Hz. Clearly, coordination offers significant gains: applying
the simpler policy I provides 40 - 60 % infrastructure savings,
whereas the more sophisticated policy II provides savings that
reach 80 - 86 %, depending on the required rate levels. As
expected, these savings decrease with increasing densification
levels as proximity gains become more dominant, however,
6they remain significant even for AN densities of an order of
a magnitude greater than UE densities. These results demon-
strate the potential of coordination in UDNs, although a study
under realistic assumptions on channel state information and
complexity is certainly necessary.
VI. CONCLUSIONS, OPEN ISSUES, AND FUTURE
CHALLENGES
Ultra network densification is considered the main enabler
for 5G wireless access. The future envisioned scenarios involve
massive user density volumes and data rates per user device,
challenging any evolutionary approach of cellular networks.
The UDN paradigm aspires to revolutionize current cellular
thinking by efficiently exploiting the advantages offered by
proximal communications, however, it has to do so under a
highly challenging interference environment. In this article,
some of the fundamental aspects of this new network paradigm
were investigated. Using an analytical framework, the scaling
laws of the AN density required to support a given UE density
with a given rate per UE requirement were presented, and
the possibilities of exploiting the system capacity increase
due to network densification were discussed. The benefits
of coordination as part of UDN operation were investigated
under two simple schemes where it was shown that even
for relatively high densification ratios, coordination has the
potential to significantly enhance performance either in terms
of achievable per UE rate or minimum AN density required
to support a certain rate.
Having addressed a series of fundamental issues expected
to arise in the emerging UDN concept, this article aims at
stimulating further research towards addressing a number of
open issues. Beginning with the fundamental limits character-
ization, enhanced analytical studies will be needed for under-
standing UDNs full potential. These studies should accurately
capture realistic network features not addressed before, such
as space division multiple access, dynamic (in space and/or
time) resource management, more elaborate coordination and
cooperation capabilities among ANs, etc. Focusing on more
practical concerns for UDNs, new approaches for performance
modeling, taking into account backhaul overhead, over-the-air
signaling, computational complexity, and cost requirements,
are required for coming up with efficient and realistic network
deployment strategies. Since UDN is considered the major
enabler for future wireless access, it should also be studied
in conjunction with other potential 5G pillars, namely en-
hancements in spectrum (e.g. through large mmWave bands
consideration) and spectral efficiency (e.g. massive and full-
dimension MIMO), ultimately targeting the development of a
comprehensive 5G performance analysis framework.
REFERENCES
[1] J. Andrews, S. Buzzi, W. Choi, S. Hanly, A. Lozano, A. Soong, and
J. Zhang, “What Will 5G Be?” Selected Areas in Communications, IEEE
Journal on, vol. 32, no. 6, pp. 1065–1082, June 2014.
[2] Q. Li, H. Niu, A. Papathanassiou, and G. Wu, “5G Network Capac-
ity: Key Elements and Technologies,” Vehicular Technology Magazine,
IEEE, vol. 9, no. 1, pp. 71–78, March 2014.
[3] A. Osseiran, F. Boccardi, V. Braun, K. Kusume, P. Marsch, M. Maternia,
O. Queseth, M. Schellmann, H. Schotten, H. Taoka, H. Tullberg,
M. Uusitalo, B. Timus, and M. Fallgren, “Scenarios for 5G mobile and
wireless communications: the vision of the METIS project,” Communi-
cations Magazine, IEEE, vol. 52, no. 5, pp. 26–35, May 2014.
[4] N. Bhushan, J. Li, D. Malladi, R. Gilmore, D. Brenner, A. Damnjanovic,
R. Sukhavasi, C. Patel, and S. Geirhofer, “Network densification: The
dominant theme for wireless evolution into 5g,” Communications Mag-
azine, IEEE, vol. 52, no. 2, pp. 82–89, February 2014.
[5] P. Mogensen, K. Pajukoski, E. Tiirola, J. Vihriala, E. Lahetkangas,
G. Berardinelli, F. Tavares, N. Mahmood, M. Lauridsen, D. Catania, and
A. Cattoni, “Centimeter-wave concept for 5g ultra-dense small cells,” in
Vehicular Technology Conference (VTC Spring), 2014 IEEE 79th, May
2014, pp. 1–6.
[6] I. Hwang, B. Song, and S. Soliman, “A Holistic View on Hyper-Dense
Heterogeneous and Small Cell Networks,” Communications Magazine,
IEEE, vol. 51, no. 6, 2013.
[7] S. Yunas, M. Valkama, and J. Niemela, “Spectral and energy efficiency
of ultra-dense networks under different deployment strategies,” Commu-
nications Magazine, IEEE, vol. 53, no. 1, pp. 90–100, January 2015.
[8] R. Baldemair, T. Irnich, K. Balachandran, E. Dahlman, G. Mildh,
Y. Selen, S. Parkvall, M. Meyer, and A. Osseiran, “Ultra-dense networks
in millimeter-wave frequencies,” Communications Magazine, IEEE,
vol. 53, no. 1, pp. 202–208, January 2015.
[9] 3GPP TR 36.872 V12.1.0, “Small cell enhancements for E-UTRA and
E-UTRAN – Physical layer aspects (Release 12),” Dec. 2013.
[10] J. Andrews, F. Baccelli, and R. Ganti, “A tractable approach to coverage
and rate in cellular networks,” Communications, IEEE Transactions on,
vol. 59, no. 11, pp. 3122–3134, November 2011.
[11] H. ElSawy, E. Hossain, and M. Haenggi, “Stochastic Geometry for
Modeling, Analysis, and Design of Multi-Tier and Cognitive Cellular
Wireless Networks: A Survey,” Communications Surveys Tutorials,
IEEE, vol. 15, no. 3, 2013.
[12] L. Hu, L. Luque Sanchez, M. Maternia, I. Kovacs, B. Vejlgaard, P. Mo-
gensen, and H. Taoka, “Heterogeneous lte-advanced network expansion
for 1000x capacity,” in Vehicular Technology Conference (VTC Spring),
2013 IEEE 77th, June 2013, pp. 1–5.
[13] X. Gelabert, P. Legg, and C. Qvarfordt, “Small Cell Densification
Requirements in High Capacity Future Cellular Networks,” in Com-
munications Workshops (ICC), 2013 IEEE International Conference on,
June 2013, pp. 1112–1116.
[14] R. Hu and Y. Qian, “An energy efficient and spectrum efficient wireless
heterogeneous network framework for 5G systems,” Communications
Magazine, IEEE, vol. 52, no. 5, pp. 94–101, May 2014.
[15] S. Stefanatos and A. Alexiou, “Access point density and bandwidth
partitioning in ultra dense wireless networks,” Communications, IEEE
Transactions on, vol. 62, no. 9, pp. 3376–3384, Sept 2014.
[16] A. Gotsis, S. Stefanatos, and A. Alexiou, “Spatial Coordination Strate-
gies in Future Ultra-Dense Wireless Networks,” in Wireless Commu-
nications Systems (ISWCS), 2014 11th International Symposium on,
Barcelona, Spain, Aug 2014, pp. 801–807.
[17] A. G. Gotsis and A. Alexiou, “On Coordinating Ultra-Dense Wireless
Access Networks: Optimization Modeling, Algorithms and Insights ,”
Technical Report, Dec 2013, http://arxiv.org/abs/1312.1577.
